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ELECTRODEIONIZATION APPARATUS AND METHOD 

This application is a continuation-in-part of U.S. Patent Application Serial No. 
08/71 7J8L filed September 23, 1996. 

BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to an electrodeionization apparatus arid method 
and, more jDanicularly. to an electrodeionization apparatus and method incorporating 
membrane and electroactive media combinations, including Type 11 anion materiaL 
solely or in combination with Type I anion materiaK to improve electric current 
distribution, degree of resin regeneration, and deionization performance. 
Description of the Related Art 

Electrodeionization (EDI) is a process that removes ionizable species from 
liquids using electrically active media and an electrical potential to influence ion 
transport. The eiectrically active media may function to alternately collect arid 
discharge ionizable species* or to facilitate the transport of ions continuously by ionic 
or electronic substitution mechanisms. EDI devices may comprise media of permanent 
or temporar>' charge, and may be operated batchwise, intermittently, or continuously. 
EDI devices may be operated to cause electrochemical reactions specifically designed 
. to achieve or enhance performance* and may comprise electrically active membranes 
such as semipermeable ion exchange or bipolar membranes. 

In^cpntinuous electrodeionization (CEDI), which includes processes such as 
continuous deionization. filled cell elcctrodialysis. or electrodiaresis (EDR), the ionic 
transport properties of the electrically active media aire the primary sizing parameter. 
Tliese processes are described, for example, by KoUsman in U.S. Patent No. 
2.815J20: Pearson in US. Patent No. 2,794,777: Kressman in U.S. Patent No. 
2.923.674: Parsi U.S. Patent Nos. 3.149.061 and 3.291,713; Korngold et al. in U.S. 
Patent No. 3.686.089; Davis in U.S. Patent No. 4,032.452; U.S. Patent No. 3,869,376; 
O^Hare in U.S. Patent No. 4,465,573; Kunz in U.S. Patent Nos. 4,636,296 and 
4.687.561 : and Giuffrida et al. in U.S. Patent No. 4,632,745. 

A typical CEDI device comprises alternating electroactive. semipermeable, 
anion and cation ion-excharige membranes. The spaces between the membranes are 
configured to create liquid flow compartments with inlets and outlets. A transverse 
DC electrical field is imposed by an external power source using electrodes at the 
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bounds of the membranes and compartments. Often, electrolyte compartments are 
provided so that reaction products from the electrodes can be separated from the other 
flow compartments. Upon imposition of the electric field, ions in the liquid are 
anracted to their respective counterelectrodes. The compartments bounded by the 
electroaciive anion membrane facing the anodie and the electroactive cation membrane 
facing the cathode become ionically depleted, and the compartments bounded by the 
electroactive . anion membrane facing the cathode and the electroactive cation 
membrane facing the anode become ionically concentrated. The volume within the 
ion-depleting compartments, and preferentially within the ion-concentrating 
compartments, is also comprised of electrically active media. In continuous 
deionizaiion devices, the media may comprise iiitimately mixed anion and cation 
exchange resins. The ion-exchange media enhances the transport of ions within the 
compartments and can also participate as a substrate ifor controlled electrochemical 
reactions. The configuration is similar in EDR devices, except thait the media 
comprise separate, and sometimes alternating, layers of ion-exchange resin. In these 
devices, each layer is substantially comprised of resins of the same polarity (either 
anion or cation resin) and the liquid to be deionized flows sequentially through the 
layers. 

A number of CEDI devices and processes have been successfully 
commercialized, for example, as disclosed by Giuffrida in U;S. Patent No. 4,298,442: 
Giuffrida et al. in U.S. Patent No.4,63l745: Siu et al. in U.S. Patent No. 4,747.929: 
Palmer in U.S. Patent No.. 4.804.451: Giuffrida et al. in U.S. Patent No. 4.925.541: 
Giuffrida U.S. Patent Nos. 4,931.160 and 4.956,071; White in U.S. Patent No. 
.5.1 16,509: Oren et al. in U.S. Patent No. 5.154,809; Giuffrida et al. in U.S. Patent No. 
5.21 1,823; and Ganzi et al. in U.S. Patent Nos. 5.308,466 and 5,316,637. In addition, 
there have been a wide range of devices described in the literature, including Walters 
et al., "Concentration of Radioactive Aqueous Wastes," Ihd. Eng. Chem.. Vol. 47. 1, 
pp. 61-67 (1955):.Sammon et al., "An Experimental Study of Electrodeionization and 
Us Application to the Treatment of Radioactive Wastes," AERE-R3I37, Chemistry 
Division. U.K. AEA Research Group, Atomic Energy Research Establishment. 
Harwell (June i960); Glueckauf, "Electrodeionization Through a Packed Bed," 
British Chemical Engineering, pp. 646-651 (December. 1959); Matejka! "Continuous 
Production of High Purity Water by Electrodeionization," J. Appl. Chem. Biotechnol.. 
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Vbl. 21. pp. 117-120 (April, 1 97 l); .Shaposhnik et al.. "Demineralization of Water by 
Eleetrodialysis with Ion-Exchanger Packing Between the Membranes," Zhumal 
Prikladnoi, Khimii. Vol. 46, 12, pp. 2659-2663 (Decemben 1973); Kbmgold, 
"EleGtrodialysis Processes Using Ion Exchange Resins Between Membranes,:' 
Desalination. Vol. 16. No. 2, pp. 225-233 (1975); and Kedem et al.. ''Reduction of 
Polarization by lonrGonduction Spacers:" Desalination, Vol; 27, pp; 143-156 (1978). . 

There remains a need for devices and processes with improved reliability and 
the ability, to operate under more rigorous conditions withreduced power. consumption 
and reduced-membrane area. Often,- the limiting factor iri the applicability of GEDI is 
the ability ofahe electroactive media within the device to withstand the temperature, 
chemical, and fouling conditions of the liquid to be processed. One difficulty in 
specifying such electroactive media results from the need in most applications to: 
incorporate both anion and cation media within the compartments and the membranes. 
Many times, conditions are relatively benign for. media of a given fixed charge, but 
are limited by the oppositely charged media. For example, the presence of iron in the 
liquid to be processed may result in fouling of cation.-dxchanlge resin and membrane, 
but would not affect the perfoimance of anion: exchange resin or membrane. 
Conversely, the presence of high temperature^ chlorine or intermediate molecular 
weight weak organic compoutids may result in degradatioh^ oxidation, or fouling of 
anion exchange resin and. membrane, but would not affect the performance of cation 
exchange resin or membrane. Performance, of C EDI may further be limited by 
difficulty iiK obtaining the desired electrical current distribution ; with the device. 
Electroactive media of permanent charge may. change their electrical resistance 
properties , in undesired ways depending on Iheir ionic form. For example, in. the ion 
substitution of sodium with hydrogeii ion in EDR^ most cation exchange resin will • 
preferentially transport hydrogen ion over the desired, transpott of sodium, ion. This 
results in electrical inefficiencies and, under Certain circumstances, may cause pH 
shifts that are detrimental to valuable products within the liquid. In another example, 
a given electroactive media may be desirable for transport properties, such as the Type 
II anion membrane and resins for continuous deionization and EDR, but may have the 
undesirable properties of catalyzing the ionization reaction of water to hydrogen and . 
hydroxide, ions. 
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Furthermore, the presence of gases, poor flow distribution: low temperature 
and/or low conductance liquids within the electrolyte, compartments may be 
detrimental to electrical current distribution, thereby reducing the efficiency of 
deionization. However; as a result of the oxidizing or reducing conditions common 
within the electrolyte , compartments, standard electroactive media such as ion 
exchange resins or activated carbons .(e.g, carbons prepared by pyrolyzing coal into 
small imperfect granulars having an interfacial area on the order of 10 m?/g and 
contain up to 20% ash impurities) cannot be incorporated within the electrolyte 
compartments because of their limited chemical resistance. 

In electrochemical ion exchange (EIX) and capacitive ddonization (CapDI), 
both the transport and the capacity of the electroactive media are importam sizing 
parameters. In EIX. the . electrode reactions, produce ions that are used- for ionic 
substitution reactions within the electroactive niedia. Typical EIX devices, as 
described, for example, by Hobro et al.. in 'tRecycling of Chromium from Metal 
Finishing: Waste Waters Using Electrochemical Ion Exchange," Electrochemical 
Society. Symposium on Water Purification. PV94-19. pp. 173.183 (1994), may or 
may not comprise ion exchange membranes. Similar to the CEDI processes, the 
performance of the EIX devices are often limited by use of permanently charged 
media, media of limited temperature and/or chemical resistance, and/or media with 
undesirable ion transport properties. In CapDI. high surface area, usually carbon type 
electrodes are used to adsorb ions as polarity is imposed, and then-desorb ions as the . 
electric field is removed orreversed. .As with other processes, typical CapDI devices 
may also be limited by the use of electrodes of low chemical resistance, or limitations 
•of the media to act equally well or in the desired manner when in use as both a cation 
and anion adsorber or as both an ion adsorber and desorben 

Therefore, a need remains for an improved electrodeionization apparatus 
having improved electric currem distribution, degree of- resin regeneration, and 
deionization performance, Moreover, there - is a need for an electrodeionization 
apparatus which promotes or limits electrochemical water dissociation depehding on 
its chemical Senviromnent. Lastly, there is a need to provide improved methods of 
operation of an electrodeiohization apparatus. 
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SUMMARY OF THE rNVF.NTTON 
Accordingly, the present invention is directed to an electrodeionization 
apparatus including an ion-concentrating compartment, an ion.depleting compartment, 
and electrolyte compartments, wherein alternating layers of anion exchange resins and 
cation exchange resins are positioned in the ion.depleting compartment and the anion 
exchange resins comprise Type. If anion resins, alone or in combination with Type I 
anion resins. In another aspect of the. present invention, an electrodeionization 
apparatus is.provided including an ion-concentrating compartment, an ion-depleting 
compartment, and electrolyte companments, wherein the compartments are divided by 
at least one anion creation permeable membrane, and the anion permeable membrane 
comprises Type II anion material, alone or in combination with Type I anion resin 
material. ■ 

In another aspect of the present invention, an electrodeionization apparatus is 
provided including an ion-concentrating compartment, an ion-depleting compartment, 
and; electrolyte compartments, wherein an inert material layer is positioiied between 
alternating layers of anion exchange. resins and cation exchange resins. The anion 
exchange resins comprise Type 11 anion resins! alone or in combination with Tjpe I 
anion resins. The inert layer eliminates the bipolar interface between layers of cation 
and anion exchange resins and forces water dissociation to occur at the membrane 
resin interface. In another aspect of th6 present invention, a method for purifying 
water in an electrodeionization apparatus having an ion-concentrating comparting, an 
ion-depleting cbmpartmem. and electrolyte compartments includes filling the ion- 
concentrating compartment with cation exchange resin, and filling the ion-depleting 
compartment with alternating layers of cation and anion exchange resins, wherein the 
anion exchange resins comprise Type II anion resins, alone or in' combination with 
Type . I anion resins. The method further includes passing a water stream through the 
ion-depleting compartment, and applying electric field across the electrolyte 
compartments positioned at opposite ends of the electrodeionization apparatus. 

All combinations and permutations of the electroactive media and operational 
methods are available for practice in various, liquid deionization applications as the 
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need arises. For example, the electrodeionization apparatus and method of the present 
invention can be applied to processes that are presently not practically feasible.due to 
lack of scaling and fouling resistance, temperature resistance., chemical, resistance, or 
electrical efficiency. Typical applications would be the purification and softening of 
relatively untreated, municipal water, relatively untreated Well water and brackish 
water, and. water containing foulants such as polyelectrolytes, tannins, lignins, fulvic 
acid, and other polar or weakly ionized or large ionized organic compounds, foulants 
such as iron, sulfide, phosphates, silicates, and other multivalent ions. ^Other 
applications would be in the treatment and processing of foods and beverages;;sugais 
and various sugar fractionations and chemical modifications.- starches, milk, and milk 
by-products, by-products from cheese manufacture such as whey, purification and 
fractionation of proteins, products of various fermentation processes such as alcoholic ;. 
beverages, pharmaceutical products and the like, processes in the chemical; 
pharmaceutical, food and beverage industries requiring ion substitutions in the 
presence of foulants and chemical oxidants, mixed solutes in low level radioactive 
waste streams, waste water streams containing heavy metals and organic compounds, 

and liquids in industries such as the food and beverage, chemical, pharmaceutical, 
power, and chemical industries where operation at elevated temperatures are required, 

or where sterilization or sanitization by heat or chemical oxidants is required; 
BRIEF DESCR TPTION-OF THP DRAWINCS 
. .Preferred, non-limiting embodiments of the present, invention will be described 

by way of example with reference to the accompanying drawings, in which: 
. FIG. 1 is a schematic, sectional view through an.electrodeionization apparatus, . 

illustrating the fluid and ion flow direction through an ion-depleting, ion- 
concentrating, and electrolyte comparunenis; 

FIG. 2A is a schematic, cross-sectional view through an ion-depleting cell in 

an electrodeionization apparatus, illustrating one configuraUon of the cation and anion 

resin layers within the cell; 

FIG. 2B is a schematic, cross-sectional view through an ion-depleting cell in 

an electrodeionization apparatus, illustrating another configuration of the cation and 

anion resin layers within the cell; 
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FIG. 2C Is a schematic, crpss-sectbnal view through iani ion-depleting cell in 
an elcctrodeionization apparatus, illustrating another configuration of the cation and 
anion resin layers within the cell; 

FIG. 2D is a schematic, cross-sectional view tlirough an ioh-depleting dell in 
an electrodeionization apparatus, illustrating another configuration of the cation and 
anion resin layers, within the cell; . 

FIG. 2E is. a schematic, cross-isectiohal view through an ion-depleting cell in 
an electrodeionization apparatus, illustrating another Configuration of the cation and 
anion.resin layers within the cell; 

FIG. 2F is a schematic, cross-sectional view through an ion-depleting cell in an 
electrodeioniiatioh apparatus, illustrating another configuratibrt of the cation and 
anion resin layers within the cell; 

FIG. 3A is a schematic, partial sectional view tlirough the electrodeionization 
apparatus, cell shown in FIG. 2A. illustrating the Wpolar interfaees- within . the cell and 
the movement of ions in the direction of corresponding electrodes: 

FIG.. 3B is a schematic, partial sectional view through the (electrodeionization 
apparatus cell shown in FIG, 2B, illustrating the bipolar interfaces within the cell and 
the movement of ions in the direction of corresponding electrodes; 

FIG. 3C is a schematic, partial sectional view through the electrodeionizaiion 
apparatus cell shown in FIG. 2C. illustrating the bipolar interfaces within the cell and 
the movement of ions in the direction of corresponding electrodes; 

FIG.-5D is a schematic, partial sectional view through the electrodeionization 
apparatus cell shown in FIG. 2D. illustrating the bipolar interfaces within the cell and 
the movement of ions in the direction of corresponding electrodes; 

FIG. 3E is a schematic, partial sectional view through the electrodeionization 
apparatus. cell shown in FIG. 2E. illustrating the bipolar interfaces within the cell and 
the movement of ions in the direction of corresponding electrodes; and 

FIG. 3F is a schematic, partial sectional view through the electrodeionization 
apparatus cell shown in FIG. 2F, illustrating the bipolar interfaces within the cell and 
the movement of ions in the direction of corresponding electrodes. 
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DETAILED DF SCRIPTION OF THE INVKNTTON . 
The present invention is directed to an electrodeionization apparatus and 
method which provides high purity water with low electrical resistance by controlling 
the majority of water dissociation so that it occurs at the membrane/resin interface and 
at a low electrical potential. The electrodeionization apparatus has improved electric 
current distribution, degree of resin regeneration, and deionization performance, and 
can promote or limit electrochemical water .splitting depending on its chemical 
environment. An electrodeionization apparatus may be based on technologies such as 
continuous electrodeionization, electrodiaresis. fiUed-cell electrodialysis. 
electrochemical ion exchange, capacitive deionization. and the like. For the purposes 
of the present invention, the electrodeionization apparatus is an EDR apparatus, such 
as those disclosed by Kunz. in U.S. Patent Nos. 4.636.296 and 4,687.561. both of 
which are .incorporated herein by reference. Moreover, the electrodeionization 
apparatus may be based on various contlgurations, such as a spiral design, a plate and 
frame design, and a circular design. 

In FIG. I. a schematic, cross-sectional view of the fluid and ion flow paths 
through one embodiment.of an EDR.apparajus of the present invention, is shown.. The. 
EDR module. 10 includes ion-depleting compartments 12 and an ion-concentrating 
coinpartment 14 positioned . between the ion-depleting compartments. The ion- 
depleting compartments are. bordered by an anolyte compartment 1 6 and a cathohte 
compartment ,18. Typically, end blocks are positioned adjacent to end plates (not 
shown) to house an anode 20 and a cathode 22 in their respective compartments. The 
compartments include cation-selective. membranes 24 and anion.selective membranes. 
26, which are typically sealed to the periphery of both sides of the compartments. The 
cation- and anion-selective membranes are typically heterogeneous polyolefin-based 
membranes, which are typically extruded by a thermoplastic process . using heat and 
pressure to create a composite sheet of constant thickness... The cation-selective 
membranes and . anion-selectiye membranes are typically comprised of an ion 
exchange powder, a polyethylene powder binder, and a glycerin lubricant. The ion 
exchange powders are readily available; for example, a cation exchange powder is 
commercially available as PUROLITEO C-IOOIP sodium resonium powder, and an ' 
anion exchange powder is commercially available as PUROLITEO A-430IP 
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cholestyramine powder (trademarks of Purolite Company. Bala Cynwyd. PA). As 
known to those skilled in the art, the membranes are formed by mixing the raw 
materials, and forming and extruding pellets made from the materials into composite 
sheets, 

Electroactive media is housed within a central space formed between the ion- 
permeable membranes 24 and 26. The ion-concentrating compartment is filled with 
cation exchange resins 28. and the ion-depleting compartments are filled with 
alternating layers of cation exchange resins 28 and anion exchange resins 30. 
Typically, there are at least two layers in the ion-depleting compartment (a cation resin 
layer and an anion resin layer): the number of layers in the ion-depleting compartment 
is determined by the height of the module frame, such that the thickness of each cation 
or anion resin layer is adequate to reduce shifting and undesired mixing of the 
alternating layers of resins during use. Therefore, although as few as two alternating 
resin layers can be used in the ion-depleting compartment, up to eight or more resin 
layers are typically used. In- addition, in an alternative eriibodiment of the present 
invention, the ion-concentrating compartment may also be filled with alternating 
layers of cation exchange resins and anion exchange resins (not shown). The 
an-angement of alternating layers in the ion-concentrating compartment, in addition to 
the alternating layers in the ion-depleting compartment, would eliminate a direct path 
of current flow from electrode to electrode through the cation resin (which typically 
has lower electrical resistance than anion resin) and enhance the uniformity of the 
electric current distribution throughout the module. 

In operation, a liquid to be purified 32. which may be a reverse osmosis 
product stream, typically having dissolved cationic and anionic components, is fed 
through the ion-depleting compartments 12, wherein the cationic components are 
attracted to the cation exchange resin 28 and the anionic components are attracted to 
the anion exchange resin 30. An electric field is then applied across the anode 20 and 
cathode 22 at the opposite ends of the module. The electric current passes 
perpendicularly to the fluid flow such that the dissolved cationic and anionic 
components migrate from the alternating ion exchange resin layers in the direction of 
their corresponding electrode. Cationic components migrate through the cation- 
selective membrane 24. into the adjacent ion-concentrating compartment 14. An 
anion-selective membrane on the opposite side of the ion-concentrating compartment 
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preve'nts further migration, thereby trapping the cationic components in the ion- 
concentrating compartment. The process for the anionic components is similar but 
occurs in the opposite direction: anionic components migrate through the anion- 
seleciive membrane 26 into the ion-concentrating compartment 14 and a cation- 
selective membrane 24 on the other side of the ion-concentrating compartment 
preveiits further migration to trap, the anionic components in the ion-concentrating 
compartment. Ionic components are depleted from the ion-depleting compartments 12 
and increased in the ion-concentrating compartments 14, fonning a high purity 
product stream 34 and a concentrate stream 36.. .. 

During the Oow of current in the EDR module .10. a. polarization phenomena 
occurs which leads to the dissociation of water into hydrogen and hydroxyl ioiis! The 
hydrogen and hydroxyl ions regenerate the ion exchange resins iia the ion-depleting 
compartments I? so, that removal of dissolved ionic components can oecur- , 
continuously and without a separate step for regenerating the exhausted ion exchange 
resins. Although the dissociation of water occurs at various locations within the, 
module 10. it preferentially occurs at the bipolar interfaces in the module, where 
cation exchange material contacts anion exchange material in the ion-depleting, 
compartment where localized conditions of low solute are most likely to occur. As 
shown in FIGS. 3A-3E, in several, configurations, of cation and anion, resin layers 
within an ion-depleting compartment, the two. primary areas of bipolar interfaces in 
the EDR device are. where resin contacts membrane, refen-edto as the resia-membitine 
interface (including both the cation membrane/anion resin and anion membrane/cation 
resin interfaces), and where the resin contacts resin, referred to as the rcsi,i/resin 
.interface.. As noted, the resin/membrane interface is perpendicular to the current flow 
and the contact is between a flat heterogeneous membrane that is about 50 percent 
active, and spherical resin beads with about 1 00 percent active surface area. It is noted ■ 
that if a majority of the water dissociation occurs at the resin/membrane interlace, the • 

maximum amount. ofresin in the ion-depleting compartment will be regenerated. ' 

The second area in the module where a bipolar interface exists is the 
resin/resin interface. This area.is located between, each cation exchange resin and 
anion exchange resin layer.. The resin/resin interface is parallel to the current flow and 
represents about 12 percent of the total bipolar interface within the module. The 
contact is between spherical anion and cation beads that have 100 percem active 
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surface areas. This area may provide the path of least electrical resistance, allowing 
the majorir>',of current to travel therethrough.. Because water dissociation occurs 
where the current travels, the majority of water dissociation therefore may occur at the 
resin/resin interface, thereby regenerating only those resins that surround this 
interface. Therefore, only a small portion of the resin bed is used, resulting in lower 
product quality and a lower buffering capacity for fluctuations in feed water. 

The electroactive media utilized in the ion-depleting compartment 12 can 
include a quantity of anion resin materials having weak.base functional groups in their 
surface regions, such as tertiary alky! amino groups, or anion resin materials 
containing Type II functional groups in their surface regions, for example dimethyl 
ethanolamine: Tliese materials can also be used in combination with anion exchange , 
resin materials containing Type 1 functional groups (quaternary ammonium groups) in 
their surface regions. As disclosed by Simons in 'The Origin and Elimination of 
Water Splitting in Ion Exchange Membranes During Water Demineraiization by 
Eiectrodialysis." Desalination . 28 (1979) 41-42, at current values above the limiting, 
current, water will only dissociate at the interfaces between oppositely charged 
materials when the anion material contains .weak base groups in the surface regions, 
such as tertiar>* alkyl amino groups. These materials are commercially available, for 
example, as DOWEXO WBA anion resins (trademark of Dow Chemical Company, 
iVIidland. Ml), .Additionally, anion materials containing Type II functional groups in 
the surface regions, for example dimethyl eihanol amine, can be used with or instead 
of materials having weak base groups. These materials are commercially available, 
for example, as AMBERJETO 4600 Type II anion resins (trademark of Rohm & Haas 
Corporation. Philadelphia. PA), and DOWEXO SAR Type II anion resins (trademark 
of Dow Chemical Company. Midland, MI). It has now been found that the use of 
anion exchange material containing Type II functional groups or weak base functional 
groups can control the location of where water dissociation occurs, since these groups 
dissociate water at higher rates than Type I functional groups. The Type II and weak 
base groupsf act as catalysts, where they increase the. rate of water dissociation by 
modifying the reaction pathway or the nature of the activated complex so that the 
reaction may proceed through an activated complex with lower activation energy. 
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Water dissociation will not occur witii anion resin materials containing Type 1 
functional groups (quatemaiy ammonium groups) in their surface regions unless the 
quaternary' ammonium groups are oxidized to tertiary alky! amine groups- as follows: 

oxidation 

R;CH2N(CH3)3* — >R-CH2N(CH3)2 + CHr 

Tiie tertiary alkyl amine tlien undergoes a protbnation reaction, foritiing a protonized 
tertian,- alkyl amine and a hydroxyl ion. 

protonation 

R-CH2N(CH3h + H26 --.--> R-CH2N(CH3)2H* + Oir 
The R-CH2N(CH3)2H* is then reacted, forming a tertiary alkyl. amine and a hydrogen 



ion. • 



R-CFl2N(CH3)2H^ -- -> R.CH2N(CH3)2 + 

The overall reaction is the dissociation of Water. It is noted tiiat under the flow of 
current, the oxidation of dimethyl ethaholamine functibnal groups will occbr at a 
taster rate than the oxidation of the quateiuary ammonium furicKonal groups, rfesulting^ 
in water dissociation at a lower elecirical potential. 

The present invention will be further illustrated by the following examples, 
which are intended to bb illustrative in nature and are not to be considered as limiting 
the scope of the inventioii. ■ 

E?(AMPLF.<S 

The following examples used compact continuous deioniation EDR module. 
.A reverse osmosis permeate stream at a conductivity of about I'O nS/cm, at a 
temperature of abbut 20<»C. %vas used as the feed in each example. Tlie modules-were 
operated at a flow rate of about 1.0 Ipm/cell-pair, with a product recovery of about 80 
percem. The applied DC amfperage to the thbdule wks o:5 A, which corresponded to a 
current density of about 10 mA/cm". The DC voltage was recorded after the forty- 
eighth hour of operation. The electrical resistance was calculated using Ohm's law 
and the percentage of currem passing across the interfaces was determined by 
assuming that the arrangement of the alternating layers in the ion-depleting 
compartment behave as resistors in parallel. 
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Throughout the examples, the in-line conductivity measurements were made 
with a 832 digital resistivity indicator (available from Thorton, Wajtham, MA), the 
water temperature was measured with a GT-300 in-line thermometer (available from 
Tel-Tru Manufacturing Co.. Rochester. NY), and the water flow rates were measured 
with a 0.4 to 4.0 Ipm flow meter (available from Blue White, Westminster, CA). 
Power was supplied to the modules with a constant voltage/amperage power supply 
(available from BK Precision. Chicago. IL>. 

EXAMPLF. T 

The areas where water splitting occurs in the EDR module were evaluated 
with various combinations of resin/resin and membrane/resin bipolar interfaces. 

Six: two-cell-pair modules (module .1-6) witii various bipolar interfaces were 
assembled by layering a measured volume of DOWEXO MARATHONO C cation 
resins, and MARATHONO A and MARATHONO A2 anion resins (trademarks of 
Dow Chemical Company. Midland. MI). DOWEXO MARATHONO C cation resin 
is a gel-type strong acid cation exchange resin with sulfonic acid functional groups. 
DOWEXO MARATH0N5 A is a gel-t.^e. strong base type I anion exchange resin 
with quateman- ammpnium functional groups, DOWEXO MARATHONO A2 is a 
gel-type strong base Type IT anion exchange resin with dimethyl ethanolamine. . 
functional groups. 

Module I used layered Type I anion 30 and cation exchange resins 28 between 
cation-selective membrane 24 and anion-selective membrane 26 in ion-depleting cell 
12. as shown for example in FIG. 2A. Module 2 used layered Type I anion and cation 
exchange resins, with an inert layer 31 placed between the exchange resins in ion- 
depleting cell 1 2. as shown for example in FIG. 2B. The inert layer 3 1 may be formed . 
from any inert material which does not conduct current or take part in water 
dissociation, while permitting fluid flow to. pass through the ion-depleting ceil. The 
inert layer eliminates the bipolar resin/resin interface between resin layers and forces 
water dissociation to occur at the bipolar membrane/resin interface, where a majority 
of the resins become regenerated. For example, the inert layer 31 may be formed from 
a thin plastic flow distributor, a plastic mesh screen, an expanded plastic sheet with 
openings sufficiently small to prevent a resin/resin interface from forming inert resin 
beads, and the like. Module 3 used layered Type I anion and catioh exchange resins, 
with a Type 11 anion resin layer 30' placed betweea the exchange resins in ion- 
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depleting cell 12. as shown for example in FIG. 2C. Module 4 used layered Type II 
anion 30* and cation exchange resins 28 between the ion^permeable membranes 24, 26 
in the ion-depleting cell 12. as shown for e.xample in FIG. 2D. Module 5 us6d layered 
Type II anion 30' and cation exchange resins 28 with an inert.layer placed between the 
exchange resins in ion-depleting cell 12, as shown for example in FIG, 2E. Module 6 
used layered Type II anion 30' and cation exchange resins 28. with a Type I anion 
resin layer 30 placed between the exchange resins in ion-depleting cell 12, as shown 
for example in FIG. 2F. As noted above, the. bipolar interfaces in each module, where 
the majority of water dissociation is expected to occur, are respectively illustrated in 
FIGS. 3A-3F. 

The performance of each of the configurations was evaluated with regard to 
the product resistivity and the DC voltage, recorded after forty-eight hours of 
operation, and the percentage of the ciirrfent passing across the membrane/resin 
interface, is reported in Table d below. ' . 

TABLE 1 



Module 


Product Resistivity 
(MW-cm) 


Voltage 


Current Passing Across 
Membrarie/Resin Interface (%) 


1 


2.69 


135 


90.2 




4.19 


164 


>99.0 


J 


8.84 


17 


11.2 


4 


15.4 


23 


37.7 


5 


11.4 


50 


>99.0 


6 


17.3 


54 . 


>99.0 
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As reported in Table 1, Module K wherein 100% of the bipolar surfaces 
consisted of cation and Type I anion resins, approximately 90% of the cunrent passed 
tlirough the membr<ane/resin interfaqe. indicating that the total resin/resin interface has 
a higher electrical resistance than the membrane/resin interface. Module 1 also has 
the second highest reported electrical potential (135 V at 0.5 A), confirming poor 
water dissociation ability of the Type I anion resin. 

The highest electrical poieijtial (.164 y at .0.5 A) was measured.in Module 2. which 
^ used an inert layer between ;the cation and Type 1 anion resin layers, arid wherein all of 
liie current passed through the. membrane/resin interface. . The increase in voltage in 
Module 2 was the result of the additional amount of current that was passing through 
the membrane/resin interfaced and may have also included the pi-csence of the inert 
material. 

The addition of Type II anion resin between the cation and Type I anion resin 
layers in Module 3 decreased the cation and Type I anion resin bipolar interface to 
about 88%. The current passing through the membrane/resin interface was 11%, 
indicating that the resin/resin interface had a lower electrical . resistance than the 
membrane/resin interface, due to the Type II resin functional groups which dissociate 
water at lower electrical potential. 

In Module 4. cation and Type II anion resins were used, however because the 
anion membranes are made with Type I anion material, only about 71% of the bipolar 
surfaces consisted of the cation and Type II anion resins. y\boui 38% of the current 
passed through the membrane/resin interface, and Module 4 had the second lowest 
electrical potential (23 V at 0.5 A). Module 5 used an inert layer between the cation 
and Type II anion resin layers, and the voltage increased as all of the current passed 
through the membrane/resin interface. In Module 6, all of the current was forced 
through the membrane/resin interface because the Type I anion resin was placed 
between the cation and Type II anion resin layers, thereby confirming the excellent 
water dissociation ability of the Type II anion resin. 

Therefore, to obtain the highest purity water with the lowest electrical 
resistance the majorit>' of the water dissociation preferably occurs at the 
membrane/resin interface and at low. electrical potential. The resin/resin water, 
dissociation results in less than optimal electric ciirrent distribution and inefficient 
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distribution of hydrogen and hydroxide ions. The experimental results indicate that 
water dissociation at the anion membrane/cation resin and cation membrane/anion 
resin interfaces can be controlled by, relative be4 depth and by the interfacial chemical 
makeup of the resins and membranes. The Type II anion material, alone or with Type 
I anion resin material, used in the membi^es and/or resins provides the optimum 
performance of the EDR module. 

Although particular embodiments of the invention have been described in 
detail for purposes of illustration; various changes and mtfdificatioris may. be made 
without departing from the scope and spirit of the invention. Accordingly, the 

invention is not to be limited except as by the appended claims. 

What is claimed is: . .. 
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CLAIMS 

1 . An electrodeionization apparatus, comprising; 

an ion-concentrating compartment; 
an ion-depleting compartment: and 
an anode and a cathode: 

wherein alternating layers of anion exchange resins and cation 
exchange' resins are positioned in said ion-depleting coniiDartment, and said anion 
exchange resins comprise Type II anion resin material. 

2. The electrodeionization apparatus of claim 1. further comprising a Type I 
anion exchange resin material layer positioned, between said alternating layers of 
anion exchange resins and cation exchange resins. 

3. The electrodeionization apparatus of claim K further comprising an inert 
material layer positioned.between said alternating layers, of anion exchange resins and 
cation exchange resins. 

4. The electrodeionization apparatus of claim 1. wherein said compartments 
are.divided by at least one anion or cation permeable membrane, and said at least one 
anion permeable membrane comprises Type U anion exchange resins. 

5. The electrodeionization apparatus pf claim 2. wherein said compartments 
are divided by at least one anion or cation permeable membrane, and said at jeast one 
anion permeable menibrane comprises Type II anion exchange resins. 

6. The electrodeionization apparatus of claim 3, wherein said compartments 
are divided by at least one anion or cation permeable membrane, and said at least one 
anion permeable membrane comprises Type II anion exchange resins. 

7. The electrodeionization apparatus of claim I, wherein said anion exchange 
resins further, include anion exchange resins selected from the group consisting of 
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Type 11 anion exchange resins, anion exchange resins with weak base surface groups, 
and mixtures thereof. 



8. The electrodeionization apparatus of claim 1. further comprising an anolyte 
compartment and a catholyte compartment. 

9. The electrodeionization apparatus of claim 1, further comprising 
alternating layers, of cation exchange r^ins and anion exchange resihs positioned 
w ithin said ion-concentrating compartment. 

1 0. The electrodeionization apparatus of claim 9. fiirther comprising a Type 1 
anion -exchange resin material layer positioned between said alternating hxyevs of 
anion exchange resins and caiion exchange resins. ' 

I l.The electrodeionization apparatus of claim 9. further comprising an inert 
maierial layer positioned bet^veen said alternating layers of ahibn exchange resins and 
cation exchange resins. 

12. The electrodeionization apparatus of claim 9. wherein said compartments 
are divided by at least dne anion or cation permeable membrane, and said at least 
anion permeable membrane comprises Type II anion.resins. 



one 



13. The electrodeionization apparatus of claim 10. wherein said compartments 
are divided by at least one anion or cation permeable membrane, and said at least one 
anion permeable membrane comprises Type II anion resins. 

14. The electrodeionization apparatus of claim II, wherein said compartments 
are divided by at least one anion or cation permeable membrane, and said at least one 
anion permeable membrane comprises Type II anion resins. 

15. The electrodeionization apparatus of claim 9, wherein said anion exchange 
resins further include anion exchange resins, selected from the group consisting of 
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Type II anion exchange resins, anion exchange resins with weak base surface groups, 
and mixtures thereof. 

1 6. The electrodeionization apparatus of claim 9, further comprising an anolyte 
compartment and a catholyte compartment. 

17. An electrodeionization apparatus, comprising: 

alternating layers of Type II anion exchange resins. Type I anion 
exchange resins, and cation exchange resins positioned in an ion-depleiing 
compartment. 

18. A method for purifying a fluid in an electrodeionization apparatus, 
comprising: 

providing an ion-concentrating compartment, an ion-depleting 
compartment, an anode, and a cathode: 

filling said ion-depleting compartment with alternating layers of cation 
and anion exchange resins, wherein said anion exchange resins comprise Type II 
anion resins: 

passing a fluid stream through said ion-depleting compartment: and 
applying an electric field across said anode and cathode. 

19. The method of claim 18, further comprising positioning a Type I anion 
exchange resin layer between said altemafing layeris of anion exchange resins and 
cation exchange resins. 

20. The method of claim 18, further comprising an inert material layer 
positioned between said alternating layers of anion exchange resins and cation 
exchange resins. 

21. The method of claim 18, wherein said compartments are divided by at least 
one anion or cation permeable membrane, arid said at least one anion permeable 
membrane comprises Type 11 anion resins. 
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22. The method of claim 19. wherein said compartments are divided by at least 
one anion or cation permeable membrane, and said at least one anion permeable 
membrane comprises Type II anion resins. 

23. The method of claim 20. wherein said compartments are divided by at least 
one anion or cation permeable membrane, and. said at least one anion permeable 
membrane comprises Type il anion resins. 

24. The method of claim 22. wherein the Type I anion exchange resin layer 
positioned between the alternating layers of anion exchange resins and cation resin 
exchange resins. promotes water dissociation at the membrane/resin interface relative 
to the amount of water dissociation that occurs at the resin/resin interface, and 
continuously regenerates ion exchange resin material in said compartments. 

25. The method of claim 23. wherein the inert material layer positioned 
between the aliemating layers of anion exchange resins and cation resin exchange . 
resins promotes water dissociation at the membrane/resin interface relative to the. 
amount of water dissociation that occurs at the resin/resiri. interface, and continuously 
regenerates ion exchange resin material in said companments. 

26. The method of claim 18, wherein said anion, exchange resins further 
include anion exchange resins selected from the.. group consisting of Type II anion 
•exchange resins, anion exchange resins with weak basi surface groups, and mixtures " 
thereof. 

27. The method of claim 18. further comprising filling said ion-concentratiqg 
compartment uith. alternating layers of cation exchange resins and anion exchange 
resins. 

28. The method of claim 18, further comprising providing an anolyte 
compartment and a catholyte companment. 
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